###### Strengths and limitations of this study

-   A large patient sample and numerous pain score observations were used to increase the statistical power and obtain precise and reliable results.

-   The variations in postoperative pain trajectories over time were analysed as a whole, rather than separate comparisons of pain scores at distinct time points.

-   Latent curve analyses provided a more comprehensive view to identify factors associated with the baseline and resolution of postoperative pain trajectories.

-   Unmeasured confounders cannot be further assessed due to the retrospective design.

-   The analgesic consumption was not further investigated.

Introduction {#s1}
============

Intravenous patient-controlled analgesia (IV-PCA) is a common and effective method to relieve postoperative pain.[@R1] In IV-PCA, analgesic medication is self-administered by patients when pain is experienced, which optimises delivery of analgesics and minimises the interindividual variability in pharmacokinetics and pharmacodynamics.[@R1] Compared with conventional as-needed analgesic regimens, IV-PCA offers better analgesia for postoperative pain and improves patient satisfaction.[@R2]

A PCA pump can be programmed for several variables, including loading dose, demand dose, lockout interval and continuous infusion. Although the effectiveness of IV-PCA for acute postoperative pain is well-established, the effect of IV-PCA pump setting on analgesia has not been fully explored. Prior studies showed the addition of a continuous or background infusion to the demand dose for IV-PCA cannot provide analgesic benefits, and it only increases the analgesic consumption and the risk of postoperative adverse respiratory events in adult patients.[@R3] However, few studies have ever evaluated the influential factors of postoperative pain trajectories in patients using IV-PCA in real-world routine practice.

The cause of postoperative pain is multifactorial, including patients' age, sex, and body weight and type of surgery.[@R4] Besides, since pain may fluctuate in intensity and character over time, pain trajectory analysis is a better evaluation tool than individual pain measurements in reflecting the complex interplay between treatment and symptom.[@R9] Studies have reported the association between postoperative pain trajectories and important clinical outcomes, including chronic postsurgical pain after knee arthroplasty,[@R11] breast cancer surgery,[@R12] and other types of surgery,[@R13] functional disabilities in arthritis patients,[@R15] risk of postoperative readmission,[@R16] and oncological outcomes of colorectal cancer.[@R17] A recent post-hoc analysis of randomised trial showed the high pain cluster of pain trajectory significantly predicted prolonged postoperative pain and delayed opioid cessation, further highlighting the clinical implications of time course analysis of acute pain.[@R18]

To evaluate the effect of patient demographics, types of surgery, and different settings of IV-PCA pumps on postoperative analgesia, we conducted a retrospective cohort study at a tertiary medical centre and used latent curve analytical approaches to characterise postoperative pain trajectories. Specifically, multiple latent curve models were applied to determine the influential factors for baseline level and decrement trend of inhospital acute pain following major surgery. A clinical prediction model was further developed to offer a qualitative insight for the changes in postoperative pain. In this study, we hypothesised that patients' demographics, types of surgery, anaesthesia time, and pump settings of IV-PCA were associated with postoperative pain level and resolution rate in surgical patients.

Methods {#s2}
=======

​Setting and patient selection {#s2-1}
------------------------------

In the retrospective cohort study, we reviewed the electronic medical records and collected the data of patients aged between 15 and 90 years undergoing spine, upper abdominal, lower abdominal or extremity surgery and receiving general anaesthesia with a postoperative use of IV-PCA for pain control at this centre in 2012. Patients were excluded from the analysis if they had regional anaesthesia or analgesia, the use of IV-PCA for less than 48 hours, inability to report pain intensity,\<2 postoperative pain assessments within 7 days after surgery, postoperative ventilator support or intensive care beyond 24 hours, or surgical or anaesthetic complications that required an escalation in the acuity of their care.

​Anaesthesia and analgesia management {#s2-2}
-------------------------------------

All patients in the study received propofol 1--2 mg kg^−1^ and fentanyl 1--2 µg kg^−1^ for induction of general anaesthesia. Rocuronium or cis-atracurium was used to facilitate endotracheal intubation and repeated doses were given during surgery for muscle relaxation. Anaesthesia was maintained using sevoflurane 2--3 vol% or desflurane 6--8 vol% in a mixture of oxygen and air.

After the end of surgery, patients were transferred to a postanaesthetic care unit where IV-PCA was initiated. At this centre, contraindications to IV-PCA included no reasonable level of consciousness or cognitive function and need for postoperative ventilator support or intensive care beyond 24 hours. A PCA infusion pump (Gemstar Yellow, Hospira, Chicago, Illinois, USA) was used to deliver morphine sulfate 1 mg mL^−1^ in normal saline, as reported in our previous studies.[@R7] Patients were educated about using the PCA pump correctly both before and after surgery. All patients received an intravenous bolus of morphine 0.05 mg kg^−1^ as a loading dose for immediate pain relief on arrival at the postanaesthetic care unit. All PCA pumps were set to deliver a demand dose between 0.5 and 1.5 mL, a lockout interval between 5 and 10 min, and a continual basal infusion with a rate between 0 and 1.2 mL hour^−1^ by anaesthesiologists in charge. IV-PCA was typically used for 48--72 hours after surgery and switched to oral acetaminophen or non-steroidal anti-inflammatory drugs thereafter. PCA pumps may be withdrawn earlier due to severe adverse effects of opioids (eg, nauseas, vomiting and sedation) in spite of adjusting the pump settings. The pain service team followed the response of patients receiving IV-PCA on a daily basis and recorded the pump setting at the end of the third day during the study period.

​Pain assessment and data acquisition {#s2-3}
-------------------------------------

Acute pain was assessed both at rest and during movement with self-report numeric rating scale (NRS) using an 11-point scale with response options from 'no pain' to 'the worst pain' by trained specialist nurses at 8-hour intervals for 24 hours after operation, 12-hour for 4 days and daily thereafter. The mean of daily NRS pain scores was retrieved in the first postoperative week from the electronic medical databank and served as the endpoints of the following latent curve analysis. Other collected covariates included patient's age, sex, body weight and height, body mass index, American Society of Anesthesiologists (ASA) class, anaesthesia time, and surgical site (ie, extremity, upper abdomen, lower abdomen and spine). Medical records of the enrolled patients were extracted by a specialist anaesthesiologist who were not involved in data analysis. Random samples of the extracted data were thoroughly checked by the authors to ensure the quality of data.

​Statistical analysis {#s2-4}
---------------------

Patient characteristics and mean daily pain scores during the first postoperative week were expressed as mean±SD or count with percentage. Latent curve model was used to characterise the changes in daily average pain scores over time and evaluate how patient and surgery factors affected the trajectory of pain intensity. Three types of latent curve model, the basic, single predictor and multiple predictor models were applied to explore the transition of daily pain scores.[@R19] The basic model was applied to estimate the baseline intercept and slope parameters, and then the single predictor model was used to evaluate the univariate relationship between collected variables and the intercept or slope parameter. A backward model selection strategy with the exit criteria of p values greater than 0.05 was performed to identify independent explanatory factors of the intercept and slope parameters and determine the final multiple predictor model. The details of statistical technique on latent curve model refer to the previous literature.[@R21] The goodness of fit was assessed using root mean square error of approximation (RMSEA) and comparative fit index (CFI), and the values of RMSEA \<0.1 and CFI \>0.9 implied acceptable fit to data.[@R23] All latent curve analyses were implemented using AMOS V.18.0 (SPSS, Chicago, Illinois, USA). Other statistical analyses were conducted with the SPSS V.18.0.

​Patient and public involvement {#s2-5}
-------------------------------

This study is a retrospective analysis using the institutional medical database. There was no patient involved in the recruitment to and conduct of the study.

Results {#s3}
=======

Patient characteristics are presented in [table 1](#T1){ref-type="table"}. There were 3376 patients and 20 838 pain score observations included in the analysis. The proportions of enrolled patients undergoing extremity, upper abdominal, lower abdominal and spine surgeries were 17.2%, 21.7%, 49.2% and 11.9%, respectively. The mean pain score was 2.3 on the postoperative day (POD) 0, peaked at 2.7 on the POD 1 and then decreased consecutively to 2.2 on the POD 6.

###### 

Patient characteristics, PCA pump settings and postoperative pain scores

  -----------------------------------------------------------------------------------------------------
                                          Extremity\    Upper abdomen\   Lower abdomen\   Spine\
                                          (n=581)       (n=732)          (n=1661)         (n=402)
  --------------------------------------- ------------- ---------------- ---------------- -------------
  Age, years                              63±18         59±17            54±17            62±17

  Sex, female                             386 (66.4%)   290 (39.6%)      1112 (66.9%)     249 (61.9%)

  Body weight, kg                         65±13         64±14            63±12            64±13

  Body height, cm                         158±9         162±9            160±8            159±9

  Body mass index, kg m^−^ ^2^            26.3±4.8      24.1±4.5         24.6±4.1         25.3±4.1

  ASA class ≥3                            168 (29.2%)   334 (45.8%)      404 (24.4%)      120 (30.2%)

  Anaesthesia time, min\*                 7.5±0.7       8.2±0.8          7.9±0.8          8.3±0.5

  Loading dose, mg                        2.3±1.2       2.6±1.2          2.6±1.0          2.5±1.1

  Demand dose, mg                         0.8±0.4       0.9±0.5          0.8±0.2          0.8±0.4

  Background infusion rate, mg hour^−1^   0.5±0.2       0.6±0.3          0.5±0.2          0.5±0.2

  Lockout interval, min                   6.5±1.0       6.5±1.0          6.4±0.9          6.4±0.9

  Mean NRS pain score†                                                                     

   POD 0                                  2.9±1.2       1.8±1.5          2.2±1.4          2.8±1.2

   POD 1                                  2.8±0.9       2.5±1.3          2.8±1.1          2.8±1.0

   POD 2                                  2.6±0.8       2.4±1.1          2.6±1.0          2.8±1.0

   POD 3                                  2.6±0.8       2.2±1.1          2.3±1.0          2.7±1.0

   POD 4                                  2.5±0.9       2.3±1.1          2.2±1.0          2.7±1.0

   POD 5                                  2.5±1.0       2.3±1.1          2.1±1.0          2.6±1.0

   POD 6                                  2.4±1.1       2.1±1.1          2.0±1.1          2.6±1.0
  -----------------------------------------------------------------------------------------------------

Values were mean±SD or counts (percent).

\*On base-2 logarithmic scale.

†Number of pain score observations analysed in each postoperative day: POD 0: 3122 (92.5%); POD 1: 3277 (97.1%); POD 2: 3269 (96.8%); POD 3: 3235 (95.8%); POD 4: 3003 (89.0%); POD 5: 2702 (80.0%); POD 6: 2230 (66.1%).

ASA, American Society of Anesthesiologists; NRS, numeric rating scale; PCA, patient controlled analgesia; POD, postoperative day.

In the basic latent curve analysis, the estimated factor loading of slope parameters (a, b, ..., e in [figure 1](#F1){ref-type="fig"}) from the POD 1 to POD 5 ranged from 1.44 to 0.05. Note that the slope parameter of the POD 5 was not significant, which means there was no significant difference in mean pain scores between the POD 5 and 6. The estimated values of intercept and slope parameters of the basic latent curve model were 2.14 and 0.36, respectively. Accordingly, the estimated daily mean pain score during the POD 0 and 6 can be calculated as follows:

![Basic model of latent curve analysis for postoperative pain scores. NRS, numeric rating scale; POD, postoperative day.](bmjopen-2019-031936f01){#F1}

$$\text{POD}\; 0:2.14 + (1) \times 0.36 = 2.5,\text{POD}\; 1:2.14 + (1.44) \times 0.36 = 2.64,$$

[Figure 2](#F2){ref-type="fig"} presents the observed mean pain score with its SD bars and predicted value from latent curve analysis for each POD. The maximal difference between the predicted and observed daily mean pain score was less than 0.2 unit of NRS (on the POD 0).

![The observed mean pain score with its SD bars and predicted value from latent curve analysis for each postoperative day.](bmjopen-2019-031936f02){#F2}

[Table 2](#T2){ref-type="table"} shows the result of the single predictor latent curve analysis. Among them, only demand dose and lockout interval did not exert any significant effect on the intercept or slope parameter of longitudinal pain scores. Other variables had significant effects on either intercept or slope parameter, or both.

###### 

Effects of selected variables on the intercept and slope parameters in the single predictor model

                                  Intercept   Slope                              
  ------------------------------- ----------- ------- --------- -------- ------- ---------
  Age                             0.003       0.001   \<0.001   −0.005   0.001   \<0.001
  Sex, female                     0.097       0.028   \<0.001   0.070    0.021   0.001
  Body weight                     −0.004      0.001   \<0.001   −0.001   0.001   0.519
  Body height                     −0.008      0.002   \<0.001   0.002    0.001   0.148
  Body mass index                 −0.003      0.003   0.319     −0.005   0.002   0.036
  ASA class ≥3                    0.033       0.030   0.277     −0.140   0.024   \<0.001
  Anaesthesia time\*              0.052       0.018   0.004     −0.092   0.014   \<0.001
  Loading dose                    −0.025      0.012   0.047     0.028    0.010   0.004
  Demand dose                     −0.043      0.041   0.295     0.004    0.056   0.949
  Background infusion rate        −0.211      0.061   \<0.001   0.041    0.047   0.388
  Lockout time                    −0.013      0.014   0.360     −0.016   0.011   0.141
  Extremity surgery (reference)                                                   
   Upper abdomen                  −0.276      0.043   \<0.001   −0.003   0.034   0.927
   Lower abdomen                  −0.255      0.038   \<0.001   0.229    0.031   \<0.001
   Spine                          0.152       0.050   0.003     −0.041   0.040   0.304

\*On base-2 logarithmic scale.

ASA, American Society of Anesthesiologists.

[Table 3](#T3){ref-type="table"} illustrates the result of multiple predictor latent curve analysis after model selection. Four independent predictors for the intercept parameter of mean pain scores were identified. Female and longer anaesthesia time were significantly associated with higher baseline pain scores. With respect to the surgical site, patients undergoing upper or lower abdominal surgeries had lower baseline pain scores than those undergoing extremity surgeries. Furthermore, patients with higher body weight tended to have lower baseline NRS pain scores. Regarding the decrement slope of pain scores in subsequent days, patients with older age, ASA class ≥3 and longer anaesthesia time had a slower pain resolution; contrarily, those undergoing lower abdominal surgeries had a faster pain resolution compared with those undergoing extremity surgeries. The RMSEA and CFI values of the final model were 0.077 and 0.897, respectively, and its graphic presentation is illustrated in [figure 3](#F3){ref-type="fig"}.

![Final model of latent curve analysis for postoperative pain scores. NRS, numeric rating scale; POD, postoperative day.](bmjopen-2019-031936f03){#F3}

###### 

The multiple predictor latent curve model after backward model selection

                                   Estimate   SE      P value
  -------------------------------- ---------- ------- ---------
  Intercept                                           
   Sex (female vs male)            0.085      0.030   0.004
   Body weight                     −0.004     0.001   \<0.001
   Anaesthesia time\*              0.054      0.018   0.003
   Extremity surgery (reference)                      
   Upper abdomen                   −0.368     0.039   \<0.001
   Lower abdomen                   −0.303     0.031   \<0.001
  Slope                                               
   Age                             −0.002     0.000   \<0.001
   ASA class ≥3                    −0.023     0.010   0.019
   Anaesthesia time\*              −0.028     0.007   \<0.001
   Extremity surgery (reference)                      
   Lower abdomen                   0.068      0.013   \<0.001

\*On base-2 logarithmic scale.

ASA, American Society of Anesthesiologists.

Based on the results, the predicted pain score during the first postoperative week can be estimated without difficulty. For example, for a 50-year-old woman with body weight of 60 kg and ASA class 2, undergoing an upper abdominal surgery with anaesthesia time 180 min, her estimated mean pain score on the POD 1 can be calculated with the following formula:

$$\lbrack 2.406 + 0.085 \times ‘1^{\prime}(female)–0.004 \times ‘60^{\prime}(bodyweight) + 0.054 \times log_{2}(180)(anaesthesiatime)–0.368 \times ‘1^{\prime}(upperabdominalsurgery)–0.303 \times ‘0^{\prime}(lowerabdominalsurgery)\rbrack + 2.63 \times \lbrack(0.384 - 0.002 \times ‘50^{\prime}(age) –0.028 \times log_{2}(180))(anaesthesiatime)–0.023 \times ‘0^{\prime}(ASAclass \geq 3) + 0.068 \times ‘0^{\prime}(lowerabdominalsurgery)\rbrack = 2.48.$$

The predicted mean pain scores of other PODs can also be estimated in a similar manner.

Discussion {#s4}
==========

In the present study, latent curve analyses were used to model the longitudinal pain scores after major surgery and to evaluate potential influential factors of postoperative pain trajectory. Our results showed that patient and surgery factors rather than PCA pump settings exert significant effects on acute pain trajectory in patients receiving IV-PCA. In addition, although we developed a prediction model for the postoperative pain trajectory, this model would need to be validated before being used clinically. The latent curve analysis not only quantifies the pain intensity but also distinguishes between pain intensity and pain resolution over time. Our analysis was based on a large patient sample to increase the statistical power and obtain precise and reliable results.

​Analysis for time course of acute pain {#s4-1}
---------------------------------------

Compared with conventional one‐time measurements of acute pain, modelling pain trajectories may substantially improve research on pain and optimise postoperative pain monitoring. Besides, analyses for temporal domain of pain revealed a meaningful link between psychosocial modulators of postoperative pain and pain chronification.[@R14] A variety of analytical methods have been used to assess the pain trajectory in previous studies, including latent curve model,[@R9] Bayesian change-point model,[@R25] and cluster analysis for trajectory classification.[@R10] Compared with change-point model and cluster analysis, latent curve model is useful in distinguishing between pain intensity and pain resolution and identifying potential influential factors for these two important parameters of pain.

​IV-PCA pump settings {#s4-2}
---------------------

The multiple latent curve model showed no significant effect of IV-PCA pump settings on the baseline level or decrement rate of postoperative pain after adjusting for patient and surgery factors, including the loading dose, demand dose, lockout interval and background infusion rate of morphine sulfate.

Although the optimal demand dose is uncertain, prior reports suggested that the optimal demand dose is 1 mg for morphine in opioid-naive patients.[@R1] However, our analysis did not show any dose-dependent association between demand dose and postoperative analgesia. Furthermore, the lockout interval may influence the analgesic efficacy and medication-related adverse events of IV-PCA, although the optimal lockout interval is unknown.[@R1] Prior studies showed that varying the interval within 5--10 min appears to have no significant effect on analgesia or adverse effects,[@R1] which agrees with our results. As to the effect of background infusion of IV-PCA on analgesia, previous studies showed that a background infusion provides no analgesic benefit in adult patients, in line with our results.[@R3]

​Age, sex and body weight {#s4-3}
-------------------------

Our analysis demonstrated that older age tended to flatten the decrement slope of postoperative pain intensity without affecting the baseline pain level. A prior study showed that older patients had a slightly slower resolution of postoperative pain than younger patients.[@R4] It was likely that older patients had either lower pain sensitivity or better pain relief from analgesics compared with their younger counterparts.[@R4] Besides, a prospective cohort study showed that older age was independently associated with lower postoperative pain intensity on the first POD,[@R6] contrasting with our results. The discrepant finding may be explained by the difference in patient characteristics, types of surgery and pain management.

In our study, female patients were found to have higher baseline pain scores than males after major surgery, consistent with some prior studies.[@R4] However, the sex difference in the postoperative pain intensity and analgesic consumption remained controversial in previous literature. A large-scale cohort study showed male patients had higher baseline postoperative pain scores and faster pain resolution compared with females, contrasting with our results.[@R10] A systemic review showed a conflicting result for sex as a predictor for either postoperative pain or analgesic consumption, which could be due to the difference in patient characteristics and sample size among separate studies.[@R5]

Few studies have investigated the effect of body weight on postoperative pain and analgesic consumption, and the results remained conflicting and inconclusive.[@R5] Of note, our analysis showed patients with higher body weight had lower baseline pain intensity after surgery. However, the effect size was relatively small, and the clinical significance of this finding should be interpreted with caution.

​Anaesthesia time and sites of surgery {#s4-4}
--------------------------------------

Patients undergoing surgeries with longer anaesthesia time were found to have higher baseline pain intensity and a slower pain resolution in our study, which may reflect the impact of complexity of surgical procedures and extent of surgical intervention on acute pain severity. Regarding the site of surgery, our analysis showed that compared with extremity surgeries, abdominal surgeries caused a lower baseline level of postoperative pain, and lower abdominal surgeries were correlated with a faster pain resolution during the hospital stay. In previous literature, the association between type of surgery and postoperative pain outcome was often interpreted only as a different subspecialty. Abdominal surgery, orthopaedic surgery, thoracic surgery and procedures involving a long duration of surgery may positively correlate with postoperative pain.[@R5] However, the definition of types of surgery and difference in patient characteristics may affect the result of different studies, which should be interpreted in a clinical context.

​Clinical implication {#s4-5}
---------------------

For clinical implications, particular attention should be paid to patients with a predicted high baseline level or a slow resolution of postoperative pain. To improve the pain control in these patients, pre-emptive and multimodal analgesia strategies should be considered instead of a postoperative use of IV-PCA alone.[@R26]

​Limitation {#s4-6}
-----------

First, the patients were not randomised and the effects of unmeasured confounders cannot be further assessed, such as preoperative pain and opioid usage, psychological distress, intraoperative consumption of opioids and postoperative timing of rehabilitation.[@R5] Second, we used the numerical rating scale as a measurement tool of pain intensity, instead of analgesic consumption. Recent study has reported different trajectories between postoperative pain and opioid consumption.[@R28] Although the validity and reliability of self-report pain rating scale have been verified in Chinese adults,[@R29] biases may exist in some subpopulations.[@R30] Third, we did not analyse the adverse events of analgesic medication (eg, respiratory depression), and unintended bolus and malfunction of IV-PCA due to data unavailability. Fourth, some patients might have very different postoperative pain trajectories and heterogeneity in the slopes, which awaits further investigation to explain unusual pain resolution after surgery. Finally, compared with previous studies, the pain scores of this study were relatively low, which may be explained by discrepancies in type of surgery, pain measurement (worst or average pain) and management, and race differences in pain sensitivity.[@R9] Although we identified several factors statistically significantly associated with postoperative pain level and decrement rate, the effect size of some influential factors may be too small to have clinical significance.

In conclusion, patient demographics, ASA class, anaesthesia time, and surgical sites worked together to affect postoperative pain trajectories in patients receiving IV-PCA. Latent curve models provided valuable information about the dynamic and complex relationships between the pain trajectories and their influential factors. Our results offered practical information for clinicians to manage postoperative pain and enhance the quality of pain control.
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